Background
==========

Fine particulate matter 2.5 (PM2.5) is a collective term referring to atmospheric fine particles \[[@b1-medscimonit-23-3890]\]. PM2.5 is regarded as one of the most important air pollutants in many cities of China \[[@b2-medscimonit-23-3890]\]. As air pollution caused by PM2.5 is intensifying in recent years, there has been a rising incidence of cardiovascular \[[@b3-medscimonit-23-3890]\] and respiratory diseases \[[@b4-medscimonit-23-3890]\]. One study \[[@b5-medscimonit-23-3890]\] has shown that PM2.5 enters the human lungs via respiration and adheres to the lung epithelium. Part of the PM2.5 inhaled cannot be removed by the lymphatic system and enters the blood circulation via diffusion. Then, the inhaled PM2.5 goes into the heart, kidneys, and other organs. Choi et al. \[[@b6-medscimonit-23-3890]\] pointed out that several main ingredients of PM2.5, including polycyclic aromatic hydrocarbons, can enter the fetus via the placenta and air-blood barrier. The tender and delicate fetal organs at the early stage of embryonic development are very sensitive to the environment, and PM2.5 may damage the newborn's health. It has been indicated by many epidemiological studies \[[@b7-medscimonit-23-3890]--[@b11-medscimonit-23-3890]\] that exposure to PM2.5 during pregnancy can lead to low birth weight, birth defects, premature delivery, bronchopulmonary dysplasia, and fetal death. Therefore, PM2.5 exposure not only increases the risk of cardiovascular and respiratory diseases in adults, but also increases the risk of cardiac injury and cardiovascular diseases in the offspring of pregnant women. We built an animal model of PM2.5 exposure during pregnancy and compared the degree of cardiac injury and the expression of mitochondrial fusion/fission genes in offspring rats receiving different treatments. The purpose of the study was to investigate the effect of PM2.5 exposure during pregnancy on the cardiac health of offspring rats and to discuss the potential working mechanism.

Material and Methods
====================

Experimental animals
--------------------

Sixty Wistar rats aged 10--11 weeks were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. There were 40 male rats (300--320 g) and 20 female rats (250--270 g). After 1-week acclimatization, 2 male rats and 1 female rat were placed into 1 cage. The smears of vaginal secretions from the female rats were observed on the next day. The female rats were considered pregnant if sperm was present. Then, the pregnant female rats were reared in a separate cage. The non-pregnant female rats were reared with male rats in the same cage until pregnancy.

Materials
---------

The materials used in the experiments were: BTPM-AS1 atmospheric particle sampler (Bettersize Instruments Ltd, China), Minute™ total protein extraction kit (SD-001, Inventbiotech, USA), animal tissue total RNA extraction kit (DP431, Tiangen Biotech Co., Ltd, China), the reverse transcription kit (K1622, Fermentas, Lithuania), and OPA1, Mfn1, Drp1, Fis1, β-actin, and goat anti-rabbit secondary antibody (sc-30572, sc-50330, sc-21804, sc-98900, sc-7201, sc-3846, Santa Cruz Biotechnology, USA).

Experiment
----------

### Collection and treatment of PM2.5 samples

PM2.5 collection was performed at Harbin from September 2014 to March 2016, using the BTPM-AS1 atmospheric particle sampler. The glass fibers used for adsorbing PM2.5 were cut into 1.5×1.5-cm strips and immersed in pure water. After ultrasonic vibration and freeze drying, the PM2.5 sample was preserved at −20°C. For the formal experiment, the sample was diluted with 0.9% normal saline into a PM2.5 suspension of a specific concentration and preserved at 4°C.

### Construction of the PM2.5 exposure model in pregnant rats

Twenty pregnant female rats were randomly divided into a control group (0.9% normal saline), a low-dose group (PM2.5=0.375 mg/kg), a medium-dose group (PM2.5=1.5 mg/kg), and a high-dose group (PM2.5=6.0 mg/kg). Each group had 5 female rats. PM2.5 exposure was simulated as follows: at 10 d, 12 d, 14 d, and 16 d of pregnancy, the female rats were anesthetized and immobilized on a wooden plank. The PM2.5 suspension or normal saline of equal concentration was administered dropwise into the trachea using a syringe.

### Morphology observation of the cardiac tissues in offspring rats

After natural delivery, 10 offspring rats were randomly selected from each group and sacrificed within 24 h after birth to harvest the cardiac tissues. The cardiac tissues were washed with normal saline and fixed in 10% formalin for over 24 h. The specimens were dehydrated, transparentized, paraffin-embedded, sliced, and subjected to HE staining. The cardiac tissues were observed under a microscope.

### Detection of cardiocyte apoptosis rates in offspring rats

The cardiocyte apoptosis rate was detected by using the TUNEL assay. First, the specimens were dewaxed and dehydrated conventionally, and incubated with protease K for 0.5 h at room temperature for 15 min and then at 37°C for 15 min. The specimens were further incubated with the TUNEL reaction mixture at 37°C for 1 h, transforming agent-POD at 37°C for 0.5 h, DAB substrate at room temperature for 10 min, and counterstained with hematoxylin. The slides were mounted and analyzed with image analysis software.

### Determination of serum levels of LDH, AST, and CK-MB in offspring rats

After natural delivery, 10 offspring rats were randomly selected from each group and reared in a SPF-grade animal laboratory for 1 week. Then, the rats were anesthetized and received cardiac puncture. The blood samples were centrifuged at 1000 rpm for 10 min, and the supernatant (serum) was collected and cryopreserved. The serum levels of LDH, AST, and CK-MB were detected by using a fully automatic biochemistry analyzer.

### Detecting the expression of mitochondrial fusion/fissure genes in offspring rats

After natural delivery, 10 offspring rats were randomly selected from each group and sacrificed within 24 h after birth to harvest the cardiac tissues. The cardiac tissues were washed with normal saline. Total RNA was extracted from the cardiac tissues using the animal tissue total RNA extraction kit. cDNA was synthesized using the reverse transcription kit, which was followed by semi-quantitative PCR. Then, 10 ul of the product was used for nucleic acid gel electrophoresis. The gels were imaged using the Bio-Rad gel imager and photographed, and then analyzed with Quantity One software. The results are expressed as relative expression levels of the target genes with β-actin as the internal reference. The primers were designed for the mitochondrial fusion genes (OPA1 and Mfn1), mitochondrial fissure genes (Drp1 and Fis1), and β-actin according to the sequences in the NCBI website. [Table 1](#t1-medscimonit-23-3890){ref-type="table"} shows the primer sequences.

Total protein was extracted from the cardiac tissues using the total protein extraction kit. The total protein concentration was determined with the BCA kit, and 100 ug of the protein was used for SDS-PAGE. The separated proteins were wet-transferred to the membranes, which were then sealed, incubated with primary and secondary antibodies, and color development substrate. The band brightness was analyzed using Image-J software.

Statistical analysis
--------------------

The results are expressed as mean ± standard deviation. SPSS 19.0 was used for statistical analysis. The independent-samples *t* test was used for intergroup comparisons. P\<0.05 was considered a significant difference.

Results
=======

HE staining of the cardiac tissues in offspring rats
----------------------------------------------------

The myocardial fibers in offspring rats from the control group were very neatly arranged and the nuclei were uniformly stained. The sarcoplasm was intact and had an oval shape ([Figure 1A](#f1-medscimonit-23-3890){ref-type="fig"}). In the low-dose group, the myocardial fibers were neatly arranged, but some cardiocytes were of an irregular morphology and a few nuclei were deeply stained ([Figure 1B](#f1-medscimonit-23-3890){ref-type="fig"}). The morphological characteristics of the cardiac tissues were similar in the medium- and high-dose groups; both had a disordered arrangement of myocardial fibers, with many irregularly shaped cardiocytes and deeply stained nuclei ([Figure 1C, 1D](#f1-medscimonit-23-3890){ref-type="fig"}).

The cardiocyte apoptosis rate in offspring rats
-----------------------------------------------

The cardiocyte apoptosis rates in the offspring rats were 12.61±0.93%, 25.14±1.53%, and 30.13±1.50% in the low-, medium-, and high-dose groups, respectively; all of them were significantly higher than that of the control group (9.12±0.80%) ([Figure 2](#f2-medscimonit-23-3890){ref-type="fig"}).

Serum levels of LDH, AST, and CK-MB in offspring rats
-----------------------------------------------------

There was a dramatic rise in the serum levels of LDH, AST, and CK-MB in offspring rats in all treatment groups as compared with the control group (P\<0.05). The expression levels of each gene increased in a dose-dependent manner ([Table 2](#t2-medscimonit-23-3890){ref-type="table"}).

Expression of mitochondrial fusion/fissure genes and proteins
-------------------------------------------------------------

The expression of mitochondrial fusion genes OPA1, Drp1, and Fis1 was not significantly different between the low-dose group and the control group (*P*\>0.05); however, there was a statistical difference in the mRNA expression of Mfn1 between the low-dose group and the control group (*P*\<0.05), but there were no significant differences from the expression of the corresponding proteins.

The expressions of mitochondrial fusion/fissure genes Mfn1 (*P*\<0.05) and Fis1 (*P*\<0.01) were significantly higher in the medium-dose group than those in the control group. OPA1 and Drp1 were not significantly different between the medium-dose group and the control group (*P*\>0.05). The expressions of OPA1, Mfn1, Drp1, and Fis1 were significantly higher in the medium-dose group than in the control group (*P*\<0.01, *P*\<0.05, *P*\<0.05, and *P*\<0.01, respectively).

In the high-dose groups, for genes OPA1, Mfn1, Drp1, and Fis1 and the correspondence proteins OPA1, Mfn1, Drp1 and Fis1, there were significant differences compared with the control groups ([Figures 3](#f3-medscimonit-23-3890){ref-type="fig"}, [4](#f4-medscimonit-23-3890){ref-type="fig"}).

Discussion
==========

PM2.5 refers to any tiny particles or droplets in the air that are 2.5 microns or less in width and are capable of suspending in the air for a long period of time. The PM2.5 level can be used to determine the degree of air pollution. After being inhaled into the lungs, PM2.5 can further go into the human blood circulation via diffusion and reach nearly every organ of the body, causing cardiovascular diseases \[[@b3-medscimonit-23-3890]\], bronchitis \[[@b12-medscimonit-23-3890]\], asthma \[[@b12-medscimonit-23-3890]\], and hypertension \[[@b13-medscimonit-23-3890]\].

The fetus absorbs nutrients and oxygen via the umbilical cord connected to the placenta. The PM2.5 entering the maternal blood circulation can also enter the fetus. Hooven et al. \[[@b9-medscimonit-23-3890]\] showed that PM2.5 exposure during pregnancy was negatively correlated with the newborn's weight in the second and third month after birth and positively correlated with the risk of premature delivery. There is a growing body of epidemiological evidence showing that because the fetal organs are highly sensitive to the environment, long-term exposure to polluted air can lead to birth defects, bronchopulmonary dysplasia, and cardiovascular diseases; cardiovascular diseases are the most common among the affected fetuses \[[@b14-medscimonit-23-3890],[@b15-medscimonit-23-3890]\]. Only 10--25% of congenital heart diseases are caused by genetic factors alone, while the majority are associated with external factors \[[@b16-medscimonit-23-3890]\]. We found that the offspring rats whose mothers were exposed to PM2.5 during pregnancy showed disordered arrangement of myocardial fibers, irregular morphology of some cardiocytes, and some deeply stained nuclei; the mitochondrial cristae were obscured and showed edema. Moreover, as a result of PM2.5 exposure during pregnancy, there was a significant increase in the cardiocyte apoptosis rate and serum levels of LDH, AST, and CK-MB in the offspring rats as compared with the control rats. These results indicate cardiotoxicity in offspring rats due to PM2.5 exposure during pregnancy.

It is generally believed that oxidative stress response, inflammatory response, and cell apoptosis mechanism play important roles in cardiotoxicity associated with PM2.5 exposure \[[@b17-medscimonit-23-3890]\]. The most important oxidative stress response in cardiotoxicity associated with PM2.5 exposure is the hyperactivity of oxidative phosphorylation of cardiocytes, which eventually leads to mitochondrial injury of cardiocytes and cardiocyte death \[[@b18-medscimonit-23-3890]\]. Inflammatory response and oxidative stress response are closely correlated with respect to their roles in cardiac injury caused by PM2.5. Both responses can generate many free radicals, which in turn aggravate the inflammatory response and oxidative response. It should be noted that free radicals are closely related to mitochondrial injury \[[@b19-medscimonit-23-3890]\]. The proteins or their complexes that regulate cell apoptosis can only serve their function via cytochrome c after entering the mitochondrial membrane \[[@b20-medscimonit-23-3890]\]. It is apparent that mitochondria play a crucial role in the cardiotoxicity caused by PM2.5. To fulfill their function, the mitochondria must undergo constant fission and fusion. If there are any abnormalities in mitochondrial fission and fusion, diseases may occur \[[@b21-medscimonit-23-3890]\]. OPA1 and Mfp 1 and 2 jointly regulate mitochondrial fusion; Drp1 and Fis1 mediate mitochondrial fission \[[@b22-medscimonit-23-3890]\]. The normal expression of the mitochondrial fusion/fission genes is the prerequisite for normal mitochondrial functioning. Otherwise, there will be mitochondrial fragmentation, which leads to impaired mitochondrial function \[[@b23-medscimonit-23-3890]\].

We also found that the expression levels of mitochondrial fusion genes (OPA1 and Mfn1) and fission genes (Drp1 and Fis1) in the offspring rats increased with increasing dose of PM2.5 exposure during pregnancy. The difference reached a significant level as compared with the control group. This indicates mitochondrial injury in offspring rats, which is related to abnormal expression of mitochondrial fusion/fission genes due to PM2.5 exposure during pregnancy.

Conclusions
===========

PM2.5 exposure during pregnancy can cause mitochondrial injury of cardiocytes in offspring rats by inducing abnormal mitochondrial fusion/fission of the cardiocytes, which further leads to cardiac injury in offspring rats.
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![HE staining of cardiac tissues in offspring rats. (**A**) Control group. (**B**) Low-dose group. (**C**) Middle-dose group. (**D**) High-dose group. Bar: 50 μm.](medscimonit-23-3890-g001){#f1-medscimonit-23-3890}

![The cardiocyte apoptosis rate in each group. (**A**) **a**: the control group; **b**: the low-dose group; **c**: the middle-dose group; **d**: the high-dose group. (**B**) Apoptosis rate of myocardial cells. Bar: 50 μm.](medscimonit-23-3890-g002){#f2-medscimonit-23-3890}

![Effects of different doses of PM2.5 exposure on mRNA expression of mitochondrial fusion/fission genes in offspring rats. (**A**) The mRNA expression of mitochondrial fusion/fission genes. (**B**) Relative intensity of OPA1/actin. (**C**) Relative intensity of Mfn1/actin. (**D**) Relative intensity of Drp1/actin. (**E**) Relative intensity of Fis1/actin. \* P\<0.05 indicates significant difference as compared with the control group.](medscimonit-23-3890-g003){#f3-medscimonit-23-3890}

![Effects of different doses of PM2.5 exposure on mRNA expression of mitochondrial fusion/fission genes in offspring rats. (**A**) The protein expression of mitochondrial fusion/fission genes. (**B**) Relative intensity of protein OPA1/actin. (**C**) Relative intensity of protein Mfn1/actin. (**D**) Relative intensity of protein Drp1/actin. (**E**) Relative intensity of protein Fis1/actin. \* P\<0.05 indicates significant difference as compared with the control group; \*\* P\<0.01 indicates significant difference as compared with the control group.](medscimonit-23-3890-g004){#f4-medscimonit-23-3890}

###### 

PCR primers designed for mitochondrial fusion/fissure genes.

  Gene                           Primer sequence (5′--3′)    Length (bp)
  ------------------------------ --------------------------- -------------
  OPA1                           F: GCCAGTGGTATGTGGCTGAA     510
  R: GGATGTTTTTGTATTTGCTTCTCAG                               
  Mfn1                           F: ACTGACACAGCCAGTAAAATGT   468
  R: CCCTCCCCATCTACCACTCA                                    
  Drp1                           F: TCTGTTTTCAGAGCAGCGGA     292
  R: GCATACTACTTCTCACAGGACTTCT                               
  Fis1                           F: CGCAGAGTTGGGGTTGTTTG     478
  R: CCGAGGCTGTCACCTTTCTT                                    
  β-actin                        F: AAGTACTCCGTGTGGATCGG     615
  R: TCAAGTTGGGGGACAAAAAG                                    

###### 

Comparison of serum levels of LDH, AST and CK-MB in offspring rats.

  Group               N    LDH (U/L)                                                          AST (U/L)                                                        CK-MB (U/L)
  ------------------- ---- ------------------------------------------------------------------ ---------------------------------------------------------------- ------------------------------------------------------------------
  Control group       10   65.28±4.79                                                         22.36±2.66                                                       114.53±11.14
  Low-dose group      10   156.49±11.19[\*](#tfn1-medscimonit-23-3890){ref-type="table-fn"}   28.63±1.79[\*](#tfn1-medscimonit-23-3890){ref-type="table-fn"}   152.06±12.14[\*](#tfn1-medscimonit-23-3890){ref-type="table-fn"}
  Medium-dose group   10   181.77±9.81[\*](#tfn1-medscimonit-23-3890){ref-type="table-fn"}    31.38±2.14[\*](#tfn1-medscimonit-23-3890){ref-type="table-fn"}   210.87±16.34[\*](#tfn1-medscimonit-23-3890){ref-type="table-fn"}
  High-dose group     10   198.45±7.57[\*](#tfn1-medscimonit-23-3890){ref-type="table-fn"}    33.67±2.43[\*](#tfn1-medscimonit-23-3890){ref-type="table-fn"}   240.43±19.13[\*](#tfn1-medscimonit-23-3890){ref-type="table-fn"}

Compared with the control group.

[^1]: Study Design

[^2]: Data Collection

[^3]: Statistical Analysis

[^4]: Data Interpretation

[^5]: Manuscript Preparation

[^6]: Literature Search

[^7]: Funds Collection

[^8]: These authors contributed equally to this study

[^9]: These authors contributed equally to the study
